Introduction
Clinical studies demonstrate that obesity is associated with impaired muscle function and reduced strength (Tomlinson et al. 2014; Rastelli et al. 2015) . In animal models, non-invasive tests have become increasingly popular for assessing muscle function, with benefits that functional performance can be measured longitudinally and the testing does not damage the muscle or require excision of muscles and termination of the animal. Non-invasive tests of muscle function include grip strength for evaluation of maximal isometric force in vivo (Maurissen et al. 2003; De Luca, 2014) and twoor four-limb hanging tests to assess muscle strength and co-ordination (Carlson, 2016; van Putten, 2016) . These tests have been well established in animal models of muscular dystrophy (De Luca, 2014; Carlson, 2016; van Putten, 2016) , but whether they are useful for measurement of muscle function in high-fat-fed animals has not been investigated. The aim of this study was to investigate the utility of three non-invasive muscle function tests, namely grip strength, hang wire and four-limb hanging tests, with development of obesity in a large cohort of mice. Such measurements would provide a baseline assessment for potential intervention studies (e.g. exercise training) reducing losses in muscle function in high-fat-fed mice.
Methods
Ethical approval. The study was approved by the Animal Ethics Committee of Sydney Local Area Health District (protocol #2015/024). The experiments described here were carried out according to the guidelines laid down by the Animal Ethics Committee of Sydney Local Area Health District and conform to the principles and regulations, as described in the Editorial by Grundy (2015) .
Diet-induced mouse model of obesity. Ninety-six C57BL/6J mice (Animal Resources Centre, Perth, WA, Australia) aged 5 weeks were randomly divided into two groups and fed either high-fat diet (HFD; 45% fat; prepared in-house) or standard laboratory chow (12% fat; Meat free mouse diet; Specialty Feeds, Geln Forrest, WA, Australia) ad libitum, for 20 weeks. Animals were housed in groups of five or six in cages with gridded wire lids and access to rings for climbing and stimulation. The facility had a 12 h-12 h light-dark cycle and was climate controlled at 21-25°C. Animals were given 1 week of acclimation before the commencement of the experiment.
To assess insulin tolerance, insulin tolerance tests were conducted at weeks 10 and 20. After 4 h of fasting, we made a small nick in the tail with a scalpel, and blood (ß2 ul per measurement) was obtained from the tail vein of each mouse and blood glucose measured with a specific monitoring system (FreeStyle Lite; Abbott Diabetes Care, Alameda, CA, USA). This measurement was considered as the baseline value. After that, an injection of 0.75 IU (kg body weight) −1 I.P. of insulin was given to each mouse, with glucose measured at 5, 15, 30 and 60 min after insulin injection. To obtain blood for subsequent glucose measurements, the newly formed scab was removed by gently running our fingers down the tail. Blood glucose excursion was calculated as the area under the curve (AUC), where a lesser reduction of blood glucose (higher AUC) after injection was indicative of lower insulin tolerance as previously described (Lo et al. 2011) . For termination, animals were put in a sealed box (Stinger R , Advanced Anaesthesia Specialist, Sydney, NSW, Australia), and isoflurane (3%) in oxygen was delivered to induce deep general anaesthesia. Then, exsanguination through cardiac puncture was performed to terminate the animals.
Muscle function tests. Non-invasive muscle function tests (grip strength, hang wire and four-limb hanging test) were performed in the animals after 5, 10 and 20 weeks of high-fat diet using standard operating protocols from the Treat-NMD Neuromuscular Network (De Luca, 2014; Carlson, 2016; van Putten, 2016) . Grip strength, to test maximal isometric forelimb grip strength, was measured using a Chatillon DFIS 2 Force Gauge (Wagner Instruments, Greenwich, CT, USA). Each test was performed three times, with a 60 s rest between trials; the mean of these three trials was used for the analysis (De Luca, 2014; Bonetto et al. 2015) . The hang wire test assesses overall submaximal muscle strength and co-ordination and involved placing the mouse on a suspended wire (35 cm high) over a soft fall area for a maximum of 3 min. The number of reaches to either end of the wire was counted, as well as the number of falls. The test was stopped if the animal fell more than 10 times. For animal ethics reasons, the hang wire test was performed once. The third test, the four-limb hanging test, is a widely used (Carlson et al. 2010; Carlson, 2016) , non-invasive method designed to evaluate mouse limb strength and is based on the natural tendency of the mouse to grasp a bar or grid when it is suspended by the tail. The test involves placing the mouse in a transparent tube sealed at one end with mesh. The tube is then inverted, and the time the animal is able to remain suspended, up to a maximum of 3 min, is recorded. This test was performed three times, with a 60 s rest period between each trial. The longest suspension time was then used for analysis. All tests were performed by a single operator.
Data and statistical analysis. Statistical analyses were performed using SPSS Version 18 (SPSS Inc, Chicago, IL, USA) and GraphPad Version 7.0 (GraphPad Software Inc, La Jolla, CA, USA). Normally distributed data were Hang wire falls (n)
expressed as means ± SD. Non-normally distributed data were expressed as medians (interquartile range). Chow versus high-fat diet groups were compared using Student's unpaired t test or the Mann-Whitney U test at each time point. Repeated-measures ANOVAs were performed to examine the effects of age on changes in muscle function in chow-fed mice only. Values of P < 0.05 were considered significant. Consistency intraclass correlation coefficients (ICCs) were calculated to test the inter-trial reliability between attempts 1, 2 and 3 in the grip strength and four-limb hanging tests, but not the hang wire test because this was only performed once. An ICC > 0.5 was considered as reliable given that lower values indicate poor levels of reliability (Wrobel & Armstrong, 2008; Koo & Li, 2016) .
Results
After 5, 10 and 20 weeks of high-fat feeding, HFD mice were 13, 33 and 49% heavier than chow-fed mice. Accordingly, after 10 weeks of HFD, mice started to show signs of insulin resistance, with a higher blood glucose excursion (AUC) during an insulin tolerance test compared with chow-fed mice (Table 1) . As expected, chow-fed mice also increased body weight over time (P < 0.001).
In chow-fed mice, grip strength significantly improved with age (P < 0.05). Younger chow-fed mice also held on for longer during the four-limb hanging test, with a longer duration at week 5 compared with weeks 10 and 20 (both P < 0.05). These differences were weight dependent (as reported previously; Carlson, 2016) and not seen after body weight normalization ( Table 2 ). The numbers of falls and reaches in chow-fed mice were also not influenced by age during the hang wire test (P > 0.05).
Grip strength was significantly lower after 10 and 20 weeks of HFD (both P < 0.05) compared with chow. The HFD mice also had poorer performance in the four-limb hanging test and the hang wire test, with a lower number of reaches and higher fall incidence. Interestingly, these impairments in muscle function were not evident after 5 weeks of HFD (Table 2 ). We also assessed the inter-trial reliability to test whether performance varied during the different trials. Grip strength results were reliable (ICC = 0.5-0.8) in HFD and chow-fed animals at all measured time points. Similar findings were seen in the four-limb hanging test in chow-fed mice (ICC = 0.7). In HFD animals, the four-limb hanging test (raw data) was reliable only after 5 weeks of HFD (Table 3) 
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Discussion
This study investigated the utility and reliability of three non-invasive tests for measuring muscle function in high-fat-fed mice. The advantages of these tests are that they are simple, inexpensive and can be performed longitudinally and with a single operator. The grip strength test had excellent levels of intra-trial reliability (ICC = 0.5-0.8) in both high-fat-fed and chow-fed mice. In contrast, the results of four-limb hanging tests were influenced by the body weight of the animal and demonstrated generally poorer inter-trial reliability the longer the high-fat feeding was continued. It is important to account for the gravity effects of body weight in the four limb-hanging test. Our results in chow-fed mice demonstrate significant decreases in test performance with age in unadjusted data, differences which were not seen after adjusting for body weight.
Grip strength is a commonly used test that takes advantage of the natural response of the mice to grasp (Brooks & Dunnett, 2009; De Luca, 2014; Bonetto et al. 2015) . Results from the test can be influenced by several factors, such as motivation (Bonetto et al. 2015) and changes in muscle weight (Maurissen et al. 2003) . Our results showed good sensitivity in detecting small increases in grip strength performance after 5 weeks of HFD, and further decreases at 10 and 20 weeks. On top of that, grip strength showed good to excellent levels of intra-trial reliability (ICC = 0.5-0.8) in high-fat-fed and control mice at all measured time points. One of the reasons for this is that the same operator performed the test in all the animals, decreasing potential variability, as recommended previously (Bonetto et al. 2015) .
Hang wire is a test that measures both strength and co-ordination (van Putten, 2016) . Given that it has a gravity-dependent factor, we tested the influence of body weight on the performance of the animals. We found that the number of reaches was unrelated to weight in chow-fed and high-fat-fed animals, although, as expected, the number of falls was correlated with the weight of the animals (data not shown). Interestingly, after normalization this parameter was sensitive enough to detect a decrease in the performance at weeks 10 and 20.
Four-limb hanging is a test that measures the tolerance to fatigue and depends heavily on the weight of the animal, such that the performance in this test must be corrected by body weight (Tam et al. 2015; Carlson, 2016) . The utility of this tool has been verified in mdx mice with conflicting results. Carlson et al. (2010) indicated that this test had good levels of inter-trial but not inter-examiner reliability. However, no differences in terms of performance were found between dystrophic mice and controls at 6 months of age (Carlson et al. 2010) . This suggests poor sensitivity of this test, considering that 6 months is sufficient time to develop muscle dysfunction in mdx mice (Carlson & Makiejus, 1990) . On the contrary, Klein et al. (2012) reported that four-limb hanging was able to discriminate between 1-to 2-month-old mdx and control mice, suggesting that age might be a confounding factor in this test. In our study, four-limb hanging detected differences between obese and lean mice. However, inter-trial reliability decreased with the duration of the dietary regimen, not reaching statistical significance at week 20, when the obese phenotype is more defined, despite the large number of animals tested compared with previous experiments (n = 36 per group). Therefore, we suggest avoiding use of this tool in animals undergoing HFD treatment, because a large cohort is required to obtain meaningful results with sound reliability.
In our study, 5 weeks of high-fat feeding resulted in a 13% body weight increase paralleled by a small but significant increase in grip strength but no major changes in hang wire or four-limb hanging tests. After 10 and 20 weeks of HFD (resulting in a 33 and 49% weight gain, respectively), a global decline in muscle performance was seen in these animals, in agreement with previous reports in both humans (Rastelli et al. 2015; Hasan et al. 2016) and rodents (Tam et al. 2015) . Our study found that grip strength was ß15% lower after 20 weeks of high-fat feeding, similar to what has been described previously after 5 months of high-fat diet (Lee et al. 2015) . The differences in muscle performance seen at each time point might be related to the developmental stages of the animals. At 5 weeks, skeletal muscle is undergoing a rapid and intense maturation process characterized by an upregulation of mature forms of myosin heavy chains and intermediate filaments, which are correlated significantly with muscle strength in mice (Gokhin et al. 2008) . Until the 8th week of age, skeletal muscle in mice keeps increasing its cross-sectional area and myofibre length (White et al. 2010) . This is in agreement with the increased grip strength in our chow-fed mice with age. Caloric excess may enhance this developmental process. Indeed, increased muscle strength at a younger age has been reported in obese children (Lazzer et al. 2009 ). Global muscle dysfunction, described as a decrease in strength and tolerance to fatigue, has been reported in obese humans and high-fat-fed animal models (Tomlinson et al. 2014; Krishna et al. 2015; Rastelli et al. 2015; Tam et al. 2015) , similar to the present study, which also found lower muscle function in HFD mice. The reasons for this disturbance are not clear, although muscle atrophy (Lee et al. 2015) , impairment of the muscle structure and mechanics (Rahemi et al. 2015) , mitochondrial function (Schrauwen-Hinderling et al. 2007 ) and regeneration (Akhmedov & Berdeaux, 2013) are some of the current explanations for this phenomenon. In future studies, research using ex vivo measurements of muscle strength (i.e. electrical stimulation based) may further complement the muscle function testing described here in high-fat-fed mice (Tallis et al. 2017) .
In conclusion, our results demonstrate that grip strength, hang wire and four-limb hanging tests can discriminate muscle performance between high-fat-fed and chow-fed mice, with grip strength but not the four-limb hanging test being considered reliable in detecting muscle dysfunction in high-fat-fed mice.
Additional information
Competing interests
None declared. 
Authors contributions
Conception
